A high-resolution positron tomograph consisting of two high-density avalanche chambers mounted on a rotating gantry has been installed in the Nuclear Medicine Department of the Cantonal Hospital in Geneva. Positron annihilation data are collected from six detector positions and back-projected in real time to form a single three-dimensional image. Up to 16 transverse or longitudinal sections may be imaged simultaneously. The derivation of the appropriate deconvolution filter is described in this paper, and the first images taken in the transverse mode are presented. It is shown that quantitative information can be obtained from such images.
Introduction
The requirement of adequate angular sampling in order to obtain accurate quantification of positron emission tomography (PET) images is well known. The effects of limited or incomplete angular information have been discussed by several authorsl' 2, and have been shown to lead to artefacts, distortions and loss of quantification in the PET image. Techniques 3 to estimate the missing angular information from the measured data have not proved very successful in practice1, due mainly to the noisy nature of PET images.
In particular, the limited angle reconstruction problems associated with the large area, dual detector, stationary positron camera have been extensively studied. It has been shown4 that the appropriate deconvolution filter has a cone or pyramid of zeros in frequency space resulting from frequencies not measured by the camera. As a consequence, the reconstructed image is considerably distorted, particularly along the direction perpendicular to the detectors.
To overcome these problems, a dual detector system has been mounted on a rotating support that allows full angular sampling through 180°. It perpendicular to the detectors and the reconstruction planes are parallel to the yz-plane. If the detectors are now rotated about the z-axis to the positions marked 1 and 3, the back-projection algorithm must accept the additional data.
In order to preserve the plane intersection approach, and to avoid the summing of reconstruction matrices taken at different angles, the back-projection planes are kept fixed as the detectors are moved to positions 1 and 3. Therefore, events detected in these positions still intersect planes parallel to the yzplane, so that the basic algorithm remains unchanged. Instead, the coordinates of events detected in positions 1 and 3 are transformed into the base system as defined by detector position 2. This procedure is equivalent to extending the stationary detectors in the y-direction, as illustrated in fig. 1 . fig. 2b . The x-coordinate may therefore be tabulated as a function of Y1, Xr, Yr, and Or. Thus, once xl and x2 are known, zl and z2 are found immediately by extrapolation because z, and Z2, lying in the plane perpendicular to the rotation, are the same as the detected z-coordinates. The detected y-coordinates must first be transformed to y1 and Y2. In practice, this is done by first translating the event line to the centre of rotation, rotating through er, and then applying a reverse translation. The final step is then to extrapolate from xl,yl and x2,y2 to give y' and y' on the extended detectors. Apart from table look-up, these transformations add a further three multiplications and two divisions to each event. The transformed coordinates are then fed directly into the original back-projection algorithm.
The centre of rotation xr,Yr lies close to the mid-point of the system, but for mechanical reasons it is not possible to arrange for the two to coincide. Instead, it is necessary to measure the centre of rotation by mapping a sequence of point sources until the exact position that remains invariant is found. This may be done, in practice, to an accuracy of 1 mm in xr and Yr. To the same accuracy, it was found that the axis of rotation was parallel to the detectors, i.e. the detectors are perpendicular to the plane of rotation.
To complete the full rotation, the detectors are moved to positions 4, 5, and 6 (see fig. 3 ) at angles of +60°, +900, and +1200, respectively, to the x-axis.
At these positions, a similar back-projection procedure is adopted, with the exception that the intersection planes are parallel to the xz-plane, i.e. parallel to the detectors in position 5 and rotated by 900 from the back-projection in positions 1, 2, and 3. By ensuring that the pixels on xy-planes are square and that the centre of the three-dimensional reconstruction matrix lies at the centre of rotation, and since backprojection is a linear process, the two independent back-projections for positions 1, 2, 3 and 4, 5, 6 may be summed to form a single back-projected image corresponding to full rotation. has been evolved to simplify this computation. The full details of this method may be found elsewhere7 but the essential features are summarized in the next section. Application of this method to compute the filter for the rotational back-projection process described above is outlined in section 3.3.
General filter computation
Let a(x,y,z) be the back-projected image of an unknown activity distribution, a(x,y,z). The point response function h of the imaging system is assumed to be stationary, such that a and a are related by Calculating the integration in eq. (3.9) for the detector funcion (3.14), it is not difficult to show that D(Oy¢) may be written: Also plotted with the same normalization is a filter given by Colsherl' for a rotating positron camera. In his case, however, the back-projected image was formed by intersecting events with three-dimensional voxels as opposed to two-dimensional pixels on parallel planes, as considered here. The point response function in that case behaves as 1/r2 rather than cos e9/r2, and then the corresponding filter is independent of (.
Transverse Imaging Results
Previous results from the stationary system have been presented as longitudinal images on planes parallel to the yz-plane (see fig. 1 ). Each such section is a 128 x 128 array of pixels, and up to 16 sections in the x-direction could be simultaneously imaged. It was shown , however, that because of the limited-angle artefacts, useful quantitative information could not be obtained from these images.
With the rotational system, transverse imaging becomes possible and the images presented here are on sections parallel to the xy-plane ( fig. 1) . Again, each image is a 128 x 128 array of pixels, but the 16 sections are taken consecutively along the z-axis, the axis of rotation. A future increase in memory capacity will make it possible to image 128 sections simultaneously. The section thickness in the stationary system depended strongly on the maximum angle of view (i.e. P, and '2), while for the rotational system it is a trade-off between the spatial dimensions of the radioisotope activity, the photon statistics, and the available computer memory.
The first image ( fig. 6 ) is that of a transverse section through a point source of activity close to the mid-point. In this and subsequent images, the xdirection is from top to bottom and the y-direction from left to right; the z-direction is perpendicular to the plane of the image. The vertical dimension of the isometric plot is proportional to the number of counts in the pixel. The back-projection is shown in fig. 6a and the reconstruction in fig. 6b fig. 7a and the reconstruction in fig. 7b . The statistical noise seen in the tomogram is amplified by the filtering process and appears in fig. 7b surrounding the cylinder. In fig. 7c fig. 8a with a pixel size of 2 mm x 2 mm; the corresponding reconstruction is shown in fig. 8b . The the image. By outlining each cylinder on the reconstruction ( fig. 9c) , the mean number of counts per unit volume can be computed and correlated with the known specific activity in the cylinder. For this example, the central cylinder contained only water, and for the other six the ratio of maximum activity to minimum activity was a factor of 5.7. The result of the correlation is summarized in fig. 10 for two separate data runs with different activities. Good linearity is observed over a wide range of specific activities.
These and other similar tests are being repeated in a scattering medium, but it seems clear that highresolution image quantification should be possible with the rotating positron tomograph.
